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OBJECTIVES

Analyze the perf ormance of' horizontal disc random arrays of' 16 onniidirectional. f

cardioid, or iso-opt hypercardioid c:lenienrts inl verticallx' directive mind isotropic ambient sea I
noise. Assume that the arrays are f'ormedCL by a (constrained) random selection of element
locationIs but that they' are operated over a wide frequecy: ranlge for which the mean inter-
element spacing ranges from very small to very large (thinned). Analyze array noise gains
and directional responses f'or these hioriZOnltal disc random arrav s. Consider array sizes over

wc vlye old range, all of' tht, same shape. Determine the array performnice at t'req LIielIiCS I
sufficien tly byk so that the meian in tere lemn rt spacing is siaI I and the gain Is sigiicantly
less than 10 log1 0 N).

RESULTS

I . The Luse of' Ii iiiayii directionil Iivdroptionles ili arrays ope rat,:1il atIreq tic1ncics tor
wAhich the mecan interelenien t spacii i eN\ceeds onie wavele thI or is less thlain 0. 1 X v elk
3-6 d11B greater arra v gain than is. provi teLl h\ ;irras, -ki tli 011nmidi rc tioiial clement"s

2.Arrays, \kith dlirectionial cel men ts have nea~rly ma dXim tim11 gain wNith a verage in ter-
eleifle it Spai lIgs 0! abu 1)o1 1' e etigi ii if I lhe design I req tinCv\ (I1)) is30H. NtIIC
wavelength splac:iig is reLliircd if' 11) is 25 Hz,.

3.Co mpared to a single~ directional element ailone,: al array of I16 iso-Opt h\v perc:ar- -
dioid elements provides a f'ew d B less improvemnent Iii gain than aii array 01' nlih idirect ional
elements.

4. Thc horizointal disc: aiiav luas neiarly constant Lain1 kitfi azinuith1 even1 with subll-
itmntiaI lsy nmclltr\ of eilnent locations.

Beam m dtlis of rndnkom d isc drra's inl r-otli lori/onitdalnd sertical planes ;ippi\)\i-
Mate t hOe of' aSOlid lion tat dlisc. The \erti cal beam WId th HIi si icl -,rca ter thi thle
lioni /oin it hea ii \wdt ti IoiM ttic: ed c-lire i Lare disc: arrays SLIc: i aS t hose \s ithl a1 LIesi-ll
f~reqluency o.- 50 111 have a sigiiticaint ilegatiye signal ga in for sigics arriving at anlgles t\ypicaIl
of niaiiV realistic enviroinmenitat conlditions. Thfir iii r ,ill bc h boosted M~ t he use of' vertic:al
steen im.

6.Thi LIirect iviI pat terimN ive~ relatit clv liil c iot-
dB3 hUt this is to ;)C eXpeuted lr raindom a.rrays, st itli I b elementsl.

RECOMMENDATIONS

I. oinsider the lioritoiitll disc array., 1CiludingV t lie iandoni forni (lisetSed . f'or pos-
Sible applicati onls.

2. llI Igat lobeC supiesoi ithj icetilar I1iile disc Arra.[

'llicstlg.1c occail engineerig( ot t rcpilar iindf randoml d iscs
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BACKG RO UND

InI tsUdy 0of IMssive sonar syste i perf ormnlace a ild tlic po0~te Li CXt LnSi~
ther;.of it was desired to determine: h1ow mu~tch rmipoercould he achieved b thc use
of horizontal arrays. The baseline system is a single elemeint containing two h yd rophonles-
one omnidirectional, the other a directional ireceiver. Both types of' !iyd rophones are candi
date clenienits for the arrays. NOSC TN 728 (ref" I ) reported the noise gains and directional
responses of singele optimal iso-opt Ivprea;rdioid. cardioid, and cirinidircetional hydro-

phiones in vertically direc:tive noise ( ret' '2 jIdi illo ktoicli noise A rc cc nt pa per (ret 31
describes minal 1(1reLtional I id ropliones inl a bhilef noriiiritlrcnatieal1 btvlIc.

TIhis pa per provides; perfor nia icc. analvs cs od' lion ital disc rand omi Arrao vs of'I 0

such elements. Anl c'csiv\ e* ie of' ax ~ techmoo , jnclIidini mnunch random array
theor\ , wa.s plLibliSlied by Steiiihcrg (ref 4). Ile ilidica'tc:s that randlom arrais are perforce
thin led* aid provides tilie theory. a hiistorica I acckol nt . rimd refcrenceos p~errar ii g11 to tile

development thereof'. Of colrse. io ranidoi ii nn is tIi nnied ait arbitrimly low I rcqentieneic
but the theory can bie traitabv encrlie at those higher frequcie)OS for1 s\ ;IiCli thle thlinied
Coilditilil prevails. Eveii iiiderwa' ter sounld aIpplic:ations have beenI devoted almost vxctnI-

10cl t thiliiCI cdjaidom milrvs III twis report the jiav, lie torn id b\ a ( constrainied
ran dam select ioni of e in e it loCa toils NMit aire opera ted over a wi de re-quLeiicy range tor
which le meanl nt rc lenient spac inp na iges from cr% sill itot tii ed I to verv lairL'e
(thililc'i I. I'his is onec oh' tlie: wa% .Ill wich t his woi k is, iiww I t prosides analkses of' arra\
noise giiis anld dir ctionial responses for these lorizontail disc: raiidoim arrays .\rnys, withi
size.s over a twel%,.fold i aite all of (lie sane shatpe. are eonsidercd. One objec tive is to
dectermine the aIray pertoriiaice at t*I equeCIesC1 lOW Ceiion2l (fia liet mlean iiterelenlit
Sp)acing is; Small and tlie aI i sig~n iiatlv less than 10 log10 1N). where-L N is thle nmbehr
of cel merits.

Prior work of the ait lor conii clr-, l t Ic prfornimicc espcal r gain I of- one-.
two-, and( thlree:-dimensional arrays, Iiri ludriiuI theC ef fetS of' directinalirdrpiie(Ie -

1. NOS(' IN G2Oii~t(ains Wi to 1,ri/onial lirccm, cml liv .rophmnc In! .1 \cn Dlslimcive \Nbc
i:ieljj. (A G. Ntlmriimi 23 m'IN 90. NOS( 1\\ are iIniormah lucr redm . fic i iili' mie.

%ft Rcmmi t 01. \CoLIsm lmtimm.cmm Se arm.' ,iki irci-CLI,11il it k .(hIO:'ci I'). .' -0 .
LOngKili R om uui, l'ropaim:.mii Proic, (Xcjmr Scicime P'rgra,mm Nhf,mn (enici ir ()ccmm Scicn'c.
De part men o itie Nx

3Small-A\pcri nrc lDirocim'ml il1 irophfmmev v (Al) lmnrmmrin .1 ill 'mmhciii '' ( li I(3544XI.S.I

4. Princ:IleN (11 Aperi tire mimd Aria S\ sin tDesmti,- h\s B1) Sicimihcrc:. John WNiles LK& Somm,. NY I 1.6.0

A. .\ras Gm, \'Jim~ilmmm' Oic o, Noi'c *\i[1,\ s(,1. Marinm 11.1 1. l'm lollmm 75 ( It0 9(155, .111A1

L.XSCI)N 19-:5 Recoil. Sper~i(.mmrIS \iJ

6. (;aimi mi (sjmrcm m:N m*im rleS. NC. 1'. (11 MjImimi. ;Xit\.! I "- \1mim1m llIicmm.miioiI'it (mm.-
prcs ii \cim il\ Ntj'trm1 11I Q--

-* 'rderwamrer Arrl\ DIl )si h\~ tumrcca,,i -n'm andm t'rolmeaimmm 6iNc 1 L Mfarin.

Procedns of (ommimiefemmc om S( timd l'rol~sagJmilm Jiii UniJcr\%.jier Svcmms, IHm! ish) liisiimiuic mOol m

rics. L'Imder-dk r Acoiislic Iflp t 1r1a1m. rnial ( lce oi-m10 April I )7S

Stcrmhtxr, irci 4. 1, 1 'Q c.cr-:1%timnl r.miimhi i ms, h "I 1w r i!ijwnmrim !,f IC m

A;(CrI0is L .mrr~l.\ . 1i is 'I i~lIce tfrm,i% 1''l mcm l c" Iict- l : :) mI i aem m iar . ii licre"'Ic IN k:NN

31



Those studies used vertically directive noise (ret 2), but for a different se~t of ocean environ-A

mental parameters. For well-sampked horizontally planar arrays, greater improvement of
gain was 4chieved with le planle's elements configured as upward-null cardioid hydrophiones
than for relatively thin (T < 2X) volumetric configurations (ref 5)_ It was also demonstrated

that array gain varies significantly with the noise model; thus the best available model shouldI
be used for systemn analyses. This is generally not critical for- arrays that are Undet sampled,
such as large random arrays that contain relatively few elements. Although that prior work
provides usetful general information, specific results are needed for random arrays with sev-

E_ eral types of hydrophone directionalities.

noiso'. Tile noise of the hydrophone due to tlow and (vertical)i motion can be signific:ant Bt ntsrpr n h ro ok engetalnieohrta min e
especially so for gradient-type hydrophonocs (ref' 8).

COORDINATE SYSTEMI

Figure I Shows thle usu.1.al spherical coordinate systemn (ref 9) that we will use, where I

z

A

k- A

Figure 1. Spherical coordinate sy'stemn.

GENERAL CHARACTER OF SEA NOISE

The cnivironilintial noise levels typical1 of ocean areas (ref 1 0) arc shown in figure2
for the loN- to niediuni-lreqluci region. The lov. frequencies are dominated by shipping

8. Measurements of' Low.Velocitv Flow Noise on Pressure and Pressure Gradient Hydrophunes, by RA
Finger, LA Abbagnaro. and BB Bauer;J Acoust Soc Am, vol 65,iunc 1979. p 1407-1412.

9. %1-hods of 1 lseoretical Physics, by PM Morse and li Feshbach, vol 1, p 658, Mcraw-Hill Book Co,

10. cciranicso 1, 'rider"water Noise, b\, D)Ross, Pergamon Press. NY, 1976. p I, 281.
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noise f'roml discrete azim ut us alongu certain x ertical arrival ilagles. trom isoth op~en-ocan1 id

hotli-couple'! cant ribut ions. The Ilid IJ I'reLjLnenlcieS are dominat ed lls sufaLLiind

noise that is predlominaintly uitorii inl ai:Iiitt diitistribuitioi. Tiius.riitc represelita-
tionS of am bhieii 1Iose 111LISt 1Jiiciti li'triioii l direc.t jonah t% . lie disco ssion hecre is limitedi
to noise with realistic vertical dieiom ltsht oIidirect:ional Cilaracter inl all Ioriwiai

Thle !iretjtilencev d epcniciicc, at' nois.e viicii iii 1 igirc -2 tkWAiS a ciall iiite tilil I -

!nan t nloise nIechan isinl a hove Ibait 200 fi.: tiltea dt Ll.icoy rcjuiete idsjl\ soilie-
Wliat Upon the relative levels ~lIic to sli ppl~i g and sufae i i Systm pertormlane geiiir--
ailsv is bette-r a box e diisfegie becaiuse tlic:iwisc levls % 1 loct' Si ic:c noise is, ani
important factor iii 11lie coiisiderationi of sksteii pert orniainwc. it \%.Is L1isititcc \ita! inl tlils

ge,,nera li/ed~ studx to uIse a 0siemneo 1 :'iee 11 to (100 H/,.

Tlit charactecr of' time noise imodel is that of' a iiit-i~ratoeni ~j hp
radiate noise miiiitoriii!\ I iit it i) iecliihx hp that otirxmt'voiild 1fnii 1" tii 01nois

AMBIENT SEA NOISE

This stud- ReIAics primarily to dliifituiai iii1,1:1'i ii nioise that1 ha11. tca1(,
depedce11~l: bu.t no liri/oiita! I QI dependeiiee. -1lit st' i, s uiiteiisht\ pt'i niiit "olidanl

tstrahii)is conlsideretf to he iniftorni ill All hl ioriliitl planes, mii gisepil 1w the Ireltoili~ip



110, 0) 1 1(d).

Such1 noise Ield data are used for passive sonar system performance studies (rotf I ,4, 5. o)
and other undersea environmental resources such as the Long Range AcouIstic Propagation
Project ( LRAPP) (ref- 2). Also of this vertically directive nature are some wind noise forms
SuICh1 as the idealized surface dipole model.

The entire study was devoted to one ocean area. The sound speed profile is shown
in figure 3. The water has a depth of 3000 metres (9843 feet). This study was limited to a
source depth of 60 feet and a receiver depth of 9793 feet. 50 fect above the bottomn. The
noise data for these conditions are listed in table I and are graphically displayed in figure 4.

DIRECTIONAL HYDROPHONE ARRAY-ELEMENT RESPONSES

Since the various candidate hydrophone elements are discussed in detail in ret I a
mecre brief sumnllarv is appropriate here. Thle ominidirectional and gradient hy'dropliones all
possess a1 directional response of the linma~on formi of Pascal:

A B
A+B 'A +B

where OFI is the effective steering angle of the hydro phone in the horizontal plane and

7Tt

50

100

E
m 1500

2000

2500

3000L LI L I .
1480 14.90 1500 151U 15,20

SPEED OF SOUND, m.'s

Figure 3. Sound speed profile 01i an ocean area.

t
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TBpe Orrn idi rt.ct ona[ Cardioid ISO-opt Optimal A
A 1.000 0.500 0.250 ariablc

0.000 0.500O 0.750 ariable

Isotropic 0.000 4.771 6.02 i 6.021
Noise, dBI

Gain in IF= 10 (0(00 4.366 4.904 4.993
Vertically I SO () 0 00H 4.366 4.904 4.993
DirectivC 1 1 W 0.()00 4.47 2 i.179 5.230
Noise. dB IF= 300 0.000 4.790 6.078 6.079

I= 900 0.000 4.969 6.642 6.7 4 I
I-2400 000XH 5,)3S 6.X_75 .936

Table 2. Some chairacteristics of hyd ropliolls.I

NORMALIZED
GAIN dB

-OPTIMUM (A =0.317)

-- iSO-OPT iA 0.25)

hpitjrc 5.1)rciivit\ pJiiL'rlh hr thrcc 19 '.ri,pi IICs.

0L



ARRAY DESIGN

Consider a set of arrays of various sizes but of proportional dimensions, It
is useful to define the design frequency, fD, such that the mean interelement spacing
is one wavelength:

7ra 2  N(XD)- = N(c/fD) 2 ,

where

N = number of array elements

a = radius of thL disc

c = speed of sound.

If we assume

N = 16 and c = 5000 feet per second,

then
11 284

U =  b

The element locations were determined on the basis of such a radius. Let u(t) he a random
variable with values uniformly distributed over the range

0 u(t)1 1
for a domain of t of all positive integers, Tien let

x(Q) = 2u(t) - a

y(V) 2u(t + 1)- a,

such that

Ir(Q)1 - = x(Q)1 " [y(l)1 2 (a)-.

That is. we reject all output pairs that would produce (xy) pairs outside a circle of radius a.
Our first 56 such valid locations are shown in figure 6. The first 16 locations are noted with
a circle; the second 16 wit'h the symbol X. For a thorough study many sets of locations
would be analyzed, but neither funding nor time would permit that. Instead, a single realis-
tic distribution was used. The first 16 locations as a n were rejected. Among other
reasons were (I) the nearly identical coordinates for eS,lents I I and 14 and (2) the small
effective radius. The second 16 locations were used for all random arrays and are shown for
uni radius in figure 7. Arrays studied were scaled for these reference dimensions to produce

arrays with design frequencies, radii, and diameters as shown in table 3. The actual coordi-

nates for the array with fl) = 50 lz arc given in table 4. Only the three arrays with design
frequencies of 50, 150, and 300 H were studied completely, sonar system analyses included.
All were investigated for the noise gain and directional characteristics information reported
here.

10 A
_ _ _ 4.---- . .. . .. . ... .....1- - - - j|



1.0
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0.6 X
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0.4 0 -
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Figure 6. The first 56~ rardidnl-selecteilohcationis ftnr Iinri/oiial disc arras



x_ A
1.0

0.8 X

0.6

0.4 X

xI
0.2 1

xI
Y 0 x

-0.2 X X

-0.4 - x
x Xx

-0.6 -

-0.8-

-1.0
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Figure 7. Locations of I 6-element arrays studied, scaled for unit radius.

fD- I/ 25 50 75 100 125 150 225 300

a. feet 450 225 150 112.5 90 75 50 37.5

Dia, feet 900 450 300 225 180 150 100 75

Table 3. Design frequencies, radii, and diameters of arrays.
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x(V) y(Q) Z(Q) r(') a

1 149.86 3o.49 .00 134.89 225.00
-24 .40 -134 .6c .00 136.79 225.00

-38.41 -42.62 .00 57.37 225.00
4 -116.52 100.09 .00 158.94 225.00
5 -13.06 113.18 .C0 113.94 225.00
6 -70.68 -9.56 .00 71.32 225.00
7 176.86 42.37 .OC 181.97 225.00
a -120.5C 56.45 .GO 133.07 225.00
9 -71.07 9C.15 .Q0 114.79 225.00

10 120.81 -60.89 .00 135.28 225.00
11 114.5c 65.47 .UO 131.90 225.00

t1 -42.37 -65.b3 .Oc 78.29 225.00
13 i,5.82 150.76 O00 152.96 225.00
1 4 114.72 6C.b9 .Cc 129.88 225.00
15 19.99 -89.78 .Cc 91.QS 225.00
16 -12.72 -55.61 .GO 57.04 2Z5.00
17 -187.75 -40.93 .CC 192.16 225.00
lb 17.84 12.56 .CG 21.82 225.00
1 v -10.23 92.08 .C;o '03.24 225.00
21 .if -212.07 .LC 212.07 225.00
21 79.94 -105.62 *CO 132.46 225.00
22 -63.03 -99.C9 .CC 117.44 225.OC
23 -183.G9 53.1" .CC 190.66 225.00
2. -34.5b 1.66.64 .. C 150.86 225.00
25 178.15 -? 2.45 .C C 179.56 225.00
2 t -21.12 -167.28 .Cc 1eg.60 225.00
27 58.2c -101.50 .L.C 117.00 225.00
2: t2. 9 v 184 .70 . L C lb .. 73 225.00

i -90.22 -3.56 .1,0 90.29 2?5.00
3c -199.63 -85 .20 .CC 217.05 225.0C
31 -79.58 185 .4 .0c0 201.79 225.00
32 a5.57 154.01 .C 167.39 225.00
33 31 .48 66.18 .0 73.29 225.00
3. e3.82 167.60 -CC 179.33 225.00
35 -41.7b -196.C9 .Cc 200.49 225.00
30 -39.65 120.77 .CO 127.11 225.00
31 -134.13 1 s .8. .L0 134.85 225.00
38 -79.59 178.78 .c 195.69 225.00
39 -80.35 -38.77 ,C0 89.22 225.00
4.- 109.22 56 .65 .CO 123.o3 225.00
41 -207.97 -79.78 .CC 222.75 225.00
4 z 34.06 -65.8 .CC 74.16 225.00
43 -b9.84 -119.6C .LC 149.58 225.00
44 100.5. -186.21 .cc 211.62 225.00
45 -49.16 -2C.Cb .00 53.10 225.00
4 3.83 193.05 .LC 203.33 225.00
4.7 -a2.17 -168.64 .00 187.59 225.00
48 -35.64 -214..96 . 0 217.90 225.00
49 -. 91 -150.2: .Cc 150.26 225.00

5C 115.7t -55.18 .CC 128.24 225.00
51 -211.00 1b.51 .uC 211.64 225.00
5 -16.95 -16h.16 .CC 169.01 225.00
53 ',3.57 8,. 6 ... V 96.A2 225.00
54 00.47 92.63 O. 122.71 225.00
55 -ioe.bt 60.91 .6C 1V6.31 225.00
56 191.06 -103.12 .4,C 217.1' 225.00
57 1 .9.12 -IS 4.. .O-c 158.74 225.00

"l b 4. (oordinat for dis, :rralv with d.sigl
frcqueIic: of 50 It/.

1 3L~. _ ___ __ __ _ _



ARRAY NOISE GAIN

Array gain is probably the most important array characteristic, since detectability is
proportional to gain and higher gain also improves localization (resolution). Extensive cal-
culations of array noise gain were made by using the NOSC PASS computer model (ref I I).
Array signal gain was riot considered here. Noise was assumed to he either vertically direc-
tive or isotropic. (For the latter, array gain is called directivity index.) Table 5 and appen-
dix A give the gains for arrays in the vertically directive noise field, Tabulations are pro-
vided for arrays with iso-opt elements and those with omnidirectional elements. Tile arrays
and the directional elements are steered for main-beam response at Os = 45' and O s = 90'.
Appendix A is a detailed listing of gains with iso--opt and omnidirectional elements as well
as the difference of those two gains, to show the improvement of gain due to the use of
directional elements.

The general character of array noise gain is presented inI figure 8 as a function of the
relative frcquency. ffl). The data are displayed with separate symbols for each of the eight
array sizes. Since thc gains were computed at fixed frequencies and the design frequencics
range from 25 to 300 Hz, the abscissa values exhibit a spread. Nonetheless, this type of
presentation is very effective for the evaluation of general trends. The gains of arrays with
omniidirectional hydrophones have relatively small scatter, approaching the I0 log 1 0 (N)
value of I ? (IB for frequencies above tile design frequency in both vertically directive and
isotropic noise. For arrays \,ith iso-opt hypercardioid elements, gains scatter significantly
tor trequencies above 0.5 t D for the vertically directive noise but the scatter is small for iso
tropic noise. For both noise fields, the high-frequency gains approach 18 dB (ithe sum of
the gain due to an array with 16 independent omnidirectional elements ( I 2 dB) and the
gain of an iso-opt hypercardioid hydrophone). The smaller arrays. eg with fD = 300 Hz.
approach maximu.m gain at a lower relative frcqlency in this vertically directive noise field.
The improvement d:,. to the use of iso-opt hypercardioid elements varies from I to 6 dB.
At relative frequencies below 0.09 l"D , the gain due to the simple hypercardioid is more than
that due to the array. The effects dtic to the iso-opt are also significantly beneficial for fre-
quecucies above the design trCLennCy.

These restilts lead to sonic important conclusions relative to intcrelement spacing in
array design. In general it is desirable to space array elements so that tile pair coherence in
expected noise fields is relativcly small. Such spacings provide nearly maxi mu m gain for tlie
array. If iiiuch smaller spacings are Used, the array gain is smaller for the sate system cost.
To reduce cost, it is necessary to use the minimum number of elements and associated elec-
tronic :hairntels. TIre necessary operation oxer a hand of frcquencics., however. entails some
compromise. These rclationships are summarized in table 6.

For onurnidirectional h ydropliones. the array gain of the disc is within I dB of its
nlaxinmumir ( high-frcquency') value for interelernent spacings of 0.7 to 0.8 wavelength, for all
n(iisc dircti nalitics considercd. It ik significant both that the spacing requircd is smaller
than one wavelewNgL and that the resultIs are valid for widely different noisc directionalit ics.

1 1. NOS( 1clinical Nole NUC TN 1758. Perfartnjnce Analysis for Srvedllanc S,,ster IPASSi. User's
Guide, hy JR. fltroiracl, J, Aitkenhad, and LK Arid i. SepteImher lt)>.
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fD, Hz 25 50 75 100 125 150 225 300

Dia, feet 900 450 300 225 180 150 100 75

Iso-opt elements I
Freq, Hz

10 10.5 8.0 6.9 6.3 5.9 5.7 5.3 5.1
25 13.5 11.4 10.0 8.9 8.0 7.5 6.5 6.0
50 15.0 13.5 12.4 11.4 10.5 10.0 8.4 7.5
100 16.0 15.6 14.5 14.0 13.3 12.9 11.3 10.3
150 16.7 16.4 15.8 15.2 14.6 14.3 13.2 12.1
250 17.8 17.2 17.0 16.7 16.7 16.4 15.4 14.7
300 17.9 17.8 17.5 17.5 17.2 17.1 16.4 15.7
600 18.4 18.2 18.4 18.3 17.8 18.1 18.0 17.8 i

Omnidirectional elements

Freq, Hz A
10 8.7 6.5 5.0 3.5 2.4 1.8 0.8 0.5
25 11.2 8.9 8.7 7.7 6.5 5.9 4.1 2.6
50 11.6 11.2 10.3 8.9 8.7 8.7 7.0 5.9 1

].00 11.6 11.7 10.7 11.3 10.6 10.4 8.7 8.8
150 11.7 11.6 11.8 11.7 10.9 11.3 10.5 9.3
250 12.1 11.8 11.7 11.5 11.9 11.6 11.3 11.0
300 11.9 11.9 11.8 11.9 11.7 11.9 11.5 11.5
600 12.1 12.0 12.2 12.0 11.8 11.8 12.1 12.0

Improvement in gain due to iso-opt elements

Freq, Hz

10 1.8 1.5 1.9 2.8 3.5 3.9 4.5 4.7
25 2.3 2.5 1.3 1.2 1.5 1.6 2.5 3.4
50 3.5 2.3 2.2 2.5 1.8 1.3 1.4 1.6
100 4.4 3.8 3.8 2.7 2.8 2.5 2.5 1.5
150 5.0 4.8 4.1 3.6 3.7 3.0 2.7 2.9
250 5,7 5.4 5.3 5.2 4.8 4.8 4.1 3.7
300 5.9 5.9 5.8 5.7 5.6 5.2 5.0 4.3
600 6.3 6.3 6.1 6.3 6.1 6.3 5.9 5.8

I"ble 5. Arri gains (iB) for horizontald isc ra i1 arrays in criciLlIly
dirccti~c noINc IN = I Os = 45" OS = 9)0- ).
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Noise Dire crronalriy

Hydrophone Type Isotropic t0  300 tOO 10ID -1

Omiiidircctional 0).7 0.8 0.8 0.8

Iso-opr hypercardloid 2.0 L i { 2.0 5.0
~d;X 30 (200) 1)

Table 6. Milii mUm relative in terelenie ot spacing. d X. to achieve array gaini
within I d B Of Maxini urn (disc arrays).

[ The reSUlts miay be sianitIican tly different it' iso-opt hyvperc:ard joid lvd rophones are

used, however. For isotropic noise, thle mlinlimumll SpMaing1 is tWO s aCelgtlS. For vertically
du ckLiL. -.Isc, tile Aiiktrlir1 ipacinrg varies tromt I .1I X for lrigh-frequerrcy arras "D = 300)
to 5 X for low-frequecy, arrays fp 25)

.hecse are important observations. The higher-gain arrays uIsing dlirecLt ikial elementIS
achrieve ma xi mum ga in at wider spacings. Th is efcl~'Lt is mnbl';tan'tial for low-b reqluctcv arradys.

Howe.ver, mid-frequency arrays (.f1) =300 i.) require only a slilzhtlv larger spacing. 'The
product fD d ci. given in table 6 indicates thle frequency at whichi the array with direc.tional
hydrophones is w ithin I d B Of mamimum gain. This is 330 Hz for anl array, wil i'D --300 Hz.
12 25 H z for Ln array with fl) 25 Hiz. * It is readily apparent that arrays mul~st he in101 Ii-
nately large to achtievye high gain at low.. l'rcqt~en cies, much mr inore than one migh t concl ide
from thle linear relation between frequLeincy and %AJV ave iuirrei ( C = fX I.

Thle improvement Of g'aill duie to thle uIse of' iso-Opt h\ percardmoid hydrophiones is
shioNA n in figure 9 for a single array (I" = 150 Hz b. Thle gains with onrmilrrectional . cardioid.

F-anld iso-opt hlypercardioid hi, drophiones tare given. The difference between the array noise
gainls withI iso-opt and Aijthi omidirectional elements is d ti to the use of- tile directional

k hydropliones - anl improvement that ranges from 1 to (0 dB- Thiis paper does niot consider
the hydrophorie s i t'-noisc issi es. hot tile improve me nt derived h,, tire uise of1 dincct iona
hyd rophones mu1Lst Offset thle disad santrtaes such as increaised self-noise and lowecr reslItanlt
array gain.

Thle ga in im proveilien t d ieI to thle di ffe rerice of' iso-opt anrd ormd ireel ona I elementts
has bLen corn-id ered abhove. A primfary, issue in this sti i d Is tilie gain itiproveilieri (f ile to thre
array. ThIis is Illustrated In figure. 10 for tile array with fi I = 150 Iz. Thre gains for anl array
of' iso-opt hyd rophones anid for ain array s\ ithI orriiie icl oial cricte s are shr o i. (G,iins

are also shown for a siiigle iso-C pt Itydrophionti alone ( from data in taille 2). Thle diffe'rences
of- the gains of air array of- iso-n Pt Clenreit~ls aidt tho(se of a S1irgle iso-Oopt h1rd roplione repre-
Seilt tire iniprovmeenit dIUe to thle armi\ - Altliugh thre improvement is less thrantile arrms
gain with om-nidirectional lri droprroores. , i Nws s"'rrutrrn at izfl = 1 50fl iz, 1I le improve-
ment of 9 11 B would triple thle sonar range ini a c: lindric:all\ spread rug propagation enlvironl-

ment. Even so. tile use ofart array of these IiVdroplOrrS mayd% riot be as cost e t el iVe aS i,

widely (list ri buted lielId of single hivd roplrn ti.

*This is ev~ie! aiso wtheir dar~ arc 16M cd LN mI the ie~xt 1cw teurcs.
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meTs eefcso einteuec i ra init are shown in figure 12 for The0 5,ad90 paetyarlaieysalvr

tiunvin arre ver sus imth existra s thaoot islduen bto the y va try ofr wthearray.
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often not true inl prac:tice. and gain canl chanige with azimuth. Disc arrays, however, have
sm~all gainl chianges "sitl aZlinuth even if they are random arrays as illustrated here.
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fD, Hz 25 50 75 100 125 150 225 300

Dia, feet 900 450 300 225 180 150 100 75

Iso-opt elements

Freq, Hz
10 11.9 8.9 7.8 7.1 6.7 6.5 6.1 6.0
25 15.5 12.9 11.2 9.9 8.9 8.3 7.3 6.8
50 17.0 15.5 14.2 12.9 11.9 11.2 9.4 8.3
100 17.4 17.1 16.2 15.5 14.8 14.2 12.3 11.2
150 17.7 17.4 17.1 16.4 15.9 15.5 14.2 12.9
250 17.9 17.4 17.4 17.0 17.1 16.7 15.8 14.9
300 17.6 17.7 17.5 17.4 17.1 17.1 16.2 15.5
600 17.7 17.6 17.7 17.7 17.2 17.5 17.3 17.1

Omnidirectional elements

Freq, Hz
10 9.5 6.6 4.8 3.2 2.2 1.6 0.7 0.4
25 11.6 9.4 9.2 7.8 6.6 5.9 3.8 2.4
50 12.0 12.0 10.9 9.4 9.5 9.2 7.1 5.9
100 11.8 12.1 11.4 11.6 11.1 10.9 9.3 9.2
150 12.0 11.9 12.1 11.8 11.4 11.6 10.9 9.4
250 12.1 11.8 11.8 11.6 12.1 11.7 11.6 11.2
300 11.9 12.0 11.8 11.9 11.7 12.1 11.4 11.6
600 12.0 11.9 12.2 12.0 11.8 11.8 12.0 12.1

Improvement in gain due to iso-opt elements

Freq, Hz

10 2.4 2.3 3.0 3.9 4.5 4.9 5.4 5.6
25 3.9 3.5 2.0 2.1 2.3 2.4 3.5 4.4
50 5.0 3.5 3.3 3.5 2.4 2.0 2.3 2.4

100 5.6 5.0 4.8 3.9 3.7 3.3 3.0 2.0
150 5,7 5.5 5.0 5.6 4.5 3.9 3.3 3.5
250 5.8 5.6 5.6 5.4 5.0 5.0 4.2 3.7
300 5. 7 5.7 5.7 5.5 5.4 5.0 4.8 3.9
600 5.7 5.7 5.5 5.7 5.4 5.7 5.3 5.0

Table 7. Dircctivity indices (dB) for horiiontal disc randoni arrays
in isotropic noise i.N = 16, OS = 45°.S = 900).
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DIRECTIONAL RESPONSE IN HORIZONTAL AND VERTICAL PLANES

RESOLUTION

Bearing resolution will be defined in terms of the beam Wiuths of the arrays. To
obtain a general relationship for discrete random disc arrays, the directional responses for
solid disc arrays will be derived.

DIRECTIONAL RESPONSE OF A HORIZONTAL SOLID THIN DISC

The normalized directional response of a horizontal thin disc is given by the
relationship

2.1

where

= kaV

(V) = Isin 0
S ) cos (OS) - sin (0) cos (0)] 2

+ I'n ('S S il (0S ) -sin (0) Sin (0)1-.

For the half-power heam width,

p ;.. . ,, " V -+1.616 34,

so that

± 1.616 34

k a

±0.5 145

-with the diameter

1) = 2a.

HORIZONTAL BEAM WIDTH OF A SOLID DISC

F-or th horizon ;ll hemni width,

71'

02



±0.5 145

(f).
In view of the symmetry of the two solutions, the beam width, BW, in degrees, is as follows:

~360PBW = -- 10 --SI

so that

BW = 229.180 sin
- 1 057253

Iii the disc is sufficiently large,

BW _- .58,960

This beam width is similar in form to that of an unshaded linear array except that it is aboutF 15'" broader because of the inherent spatial shading.

It" he disc is steered vertically, the horizontal beam width solution is of nearly iden--. :ticifl fo rm .

0 = usV = 2sill (Ws) sillho -1 S)2I

B, , 0 sill- 1 1.61i6 34

7) sin WS)

and, for large

BW 58.960

VERTICAL BEAM WIDTH OF A SOLID DISC

(onsider ithe vertcal bcain width where the disc is steered to the proper aiuth sO
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OS and V = ±(sin 0 - sin as).

Let us define

a, sin S + 0.5145/(D/X)

and

a(-, sill S- 0.5145,(D,"X),

so that beam width is given by the relationships

B =- sio-i (a ) - sin - ] ( a2) Of aI < 1.0)

BW = ir - 2 sii - 1 (a,) (ifa a I > 1.0)

and the beam width douible, to its naximum value, BW max, as 0 1 passes through unity. %Ahere

BW1a x = 4 sin- I -,/0.5145 (D')

and

BWmax = 4 cos- 1 Vsin 0 S .

Two simple equations can he obtained if the disc is large. When the steering is relatively hori-
zontal or near edge-fire (0s 7r,2), thcn

BW 1 16,240 for tail tan(0 S ) " I

1) sil s

When the steering of the disc is nearly vertical or near broadsidc (us -z 0) then

i8.95-0 (M)ualw U
BN z(r tall tan I

Cos 0S

Disc arrays employed with edge-fire olperation have been of interest to NOSC for years.
I)ire',:tional responses skoich as th Ie -c-fire beam width have been reported (rcf 6, 12).

HORIZONTAL BEAM WIDTH FOR HORIZONTAL DISC RANDOM ARRAY

In horizontal plales. the diroctional rcsponse (It ain array of N onnidirectional cle-
meints is ,is follows

N

P H O R --- I e ik ix ( k)Ico s ( )- co s (t S )l +-$y t )Isin ( 4)-sill (O S ) ]

V=l

I2. Available io qualified reqicsosr,

'5



where x(Q) and y(Q) arc the coordinates of the Qth element of the array located in the hori-
zontal (z = 0) plane. The responses were computed near the main-response axis. Half- I
power beam widths wcre determined by recognizing that

DB = 10 log1 0 (IPHOR 1 )I

C, (0 - 0S)-

We form estimates for 0 such that

0 BW0)1 = OS "

anld

0- BW0 " OS " -

A very useful estimator is given by the following relationship:

1(0 0. -¢.n =ES+( -¢SI B1 ,S)'(-3.0103). (n I or 2)

Mulliple iterations may be required for sufficient precision. The beam width is given by the
relaitionship

BWm5 --qI 2

The resultant beam widths for the I 6-e!ement random arrays are presented in table 8.
Til heani widths are also given for the random arrays with cardioid and iso-opt elements.
Even though the beam widths vary appreciably, the product of bCamn width and frequency,
as theory predicts, is nearly constant except at low frequencies. Using the design parameters
for the arrays and the solid-disc beam width equation leads to the theoretical relation for a
solid disc,

fIBW( f ) 13.00o ,

whih agrees well with the reported random-array results.

VERTICAL BEAM WIDTH FOR HORIZONTAL DISC RANDOM ARRAY

in vertical planes, the directional response of an array of N omnidirectional elements
is given by the relationship

N
Ik -" kl(.ots (s)+y( ) siill(OS)] [sil, i)-sill 0s)l1PVtFRI = NL "

C=1

Halh-power beam widths were determined, based upon the approximation that

10 log 10 (IlylOi 1V) ( - OSt4,

where 0 is a constImInt to he determined

20



Bcam width,

SFreq, fDISO 50fD 0

Hz Omni Cardioid Iso-opt Omni Cardioid Iso-opt Omni Cardioid Iso-opt

10 65.7 59.1 56.3 239. 111.6 94.2 360. 125.5 102.0
50 1 2.8 1 2.8 12.7 38.6 37.4 36.7 79.8 68.4 64.2
00 6.41 6.40 6.40 19.3 19. 1 19.0 38.8 37.3 36.7

150 4 27 4.27 4.27 12.8 12.3 12.7 25.7 25.3 25. 1
250 21.56 2.56 2.56 7.69 7.8 7.67 15.4 53_ 15.3
300 2.14 2.14 2.14 6.41 6.40 6.40 12.8 12. 12.7
600 1.07 1.07 .1.07 3.20 3.20 3.20 6.41 6.40 6.40

V~ X beami width.

Freq. "D=50 fD= 150 '"D = 300

H/ Omni Cardioid [so-opt Omni Cardioid kso-opt 0;.ni Cardioid Iso-opt

10 13.1 11.8 11.3 15.9 7.44 6.28 X 4.18 3.40
50 12.8 12.8 21.7 12.9 12.5 12.2 13.3 11.4 10.7

100 12.8 12).8 12.8 12.9 12).7 12.7 12.9 12.4 12.2
150 12.8 12.8 12.8 12.8 12.8 12.7 12.9 12.7 12.5

I5 12 12P8 128I 12 8 1289 12 8 12 8 12 8 12.'
300 12.8 12.8 l2.8 I12.8 12.8 12.8 12.8 12.b 12.8
600 12.9 12.8 12.8 12.8 121.8 12.8 12.8 12.8 12.8

Table 8. Horizontal hcani widthis for horizontal disc Frndoml array.s
(N= 6, S= 45', OS =90').

* .An iterative method, similar to the hori'onita I beamII N id i tech ni(quc, %Ad USed 101 the vcrt i-
cal beam width calculation.

The reSUltant beam widths tfor I 6-element random arrays arc presented ini table 1).
The producet of the beam wvidthl and thle Sq ia re root ofI thle relative frcq tinc v is nearly coil -
stant, int agreement w i the theory for thL, solid disc, which indicateS the followinig:

BW f D= 54.7 1.

Some of the bcam widths arc suffic~eit lv narrow thnat tine signal loss willI be significannt for
mnany target ranges. The vertical beam widths for the arrays, with high design Ireqti' ncv are
broader than those or' thie arrays With lowecr design frequtenlies. 'ThUs thne sign1al loss %xill he
more pronounced for larger arra vs willin lower design I rt:'ncics. These signalI loss etlects
can be eliminated by steering the arrays vcrtically to accciniodate the sigi-al arrivals of'
inteicest. The thin disc Will hdVe up1j-doss n s% mmretrN , so that vertical steering p~roduIcS downI-
ward and upward beams that intercept both ki nids of signal (an d noise I arrivonls.



Beam width, o

Frcq, f fD = 150 fD 3 0 0

Hz Omni Cardioid lso-opt Omni Cardioid Iso-opt Omni Cardioid Iso-opt
10 129.0 102.2 91.2 X 125.1 102.7 X 129.3 104.2

50 55.2 53.0 51.9 97.6 85.6 79.8 143.0 107.5 94.4
100 3.'; 38.1 37.7 08.0 63.9 61.8 97.6 85.6 79.8
150 31,7 31.3 31.1 55.2 53.0 51.9 78.9 72.5 69.3
250 24.5 24.3 24.2 42.6 41.6 41.1 60.6 57.7 56.3

A300 22. 22.2 22.1 38.9 38.1 37.7 55.2 53.0 51.9
600 15.8 15.8 15.7 27.4 27.1 27.0 38.9 38.1 38.1

(f/fD) X beam width, °

I req, fD 50 150 fD -300

SH/ Omni Cardiold Iso-opt Omni Cardioid Iso-opt Omni Cardioid Ise-opt

10 57,7 45.7 40.8 X 32.3 45.9 X 23.6 19.0
50 55.2 53 0 51.9 56.4 49.4 46.1 58.4 43.9 38.5

1O0 54,9 53.9 53.3 55.5 52.2 50.5 56.4 49.4 46.1
150 54.9 54.2 53.9 55.2 53.0 51.9 55.8 51.3 49.0
250 54.8 54.3 54.1 55.0 53.7 53.1 55.3 52.7 51.4

300 54.8 54.4 54.1 54.9 53.9 53.3 55.2 53.0 51.9
600 54,7 54.7 54.4 54.8 54.2 54.0 54.8 53.9 53.9

Table 9. Vertical beam widths for horizontal disc random arrays
(N 16, OS =45, 0S = 9 0).

HORIZONTAL DIRECTIONAL RESPONSE FOR HORIZONTAL DISC RANDOM
ARRAY

The directional response in a horizontal plane, PiOR, can be calculated for all azi-

muths. Se eral sets of these responses are presented here to illustrate the general character
of tihe patlerns, including the sidelobe levels.

The change of directional response with frequency is shown in figure 13. Since all
arrays arc proportional in dimensions, patterns for all arrays are the same for equal relative
frequencies, ffl). Results arc illustrated for three values of relative frequencies: 0.5, I .0.
and 2.0. The beam width is about inversely proportional to frequency, as discussed above.
The sidelobe levels are relatively poor for arrays wit h omnidirectional elements. but the

results are typical. Random arrays generally have mean sidelobe levels of -10 log, 0 (N),
which amounts to -12 dB for arrays of' 16 elements. The backward responses are improved
substa utial ly by the use of cardiod and iso-opt directional hydrophone elements. but the

fot ward responses are nearly unaflectcd by change of element directionality. in general, the
directional (iscrimination of these unshaded arrays is much superior to (fhat of a single
hydrophonc but sufficiently inadequate that false-target problems could result from off-

axis sources.
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f/f0  0.5 10f/fD .

(a) OMNI DIRECTIONAL ELEMENTS

(b) CAR 01010 ELEMENTS

(CI ISO-OPT ELEMENTS

Figurc 13. liori/ontal directionl resl)OrISL ()I 16-eIlcent Iiori/ori)jl disc -,anid o .irra% s.



The 50 Hz directic rial responses of three arrays with design frequencies of 50, 150,
and 300 Hz are shown in figu,.- 14. Many of the observations are similar to those concerning
figure 13. The larger arrays with lower design frequencies (and higher noise gain) exhibit the
greater directional discrimination.

Figures 1 5 and 16 show the 1 50 Hz and 300 Hz directional responses, respectively.

ID= 50HZ f0  S 6HZ fo - 300H z
DIA = 450 t IDIA -50ft DIA -76 It

(a) OMNI 0:RECTIGNAL ELEMENTS

(0 00 00

Oro

(b) CARDIOID ELEMENTS

00 
0

A

(C) 150.OPT ELEMENIS

l igIure 14. Illowfuintal direct ion~al rcsIon Sc ol Iori,.ontal disc random arravs,1- 50 Hz.
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f &50 Hz fo = 150 Hz ft0  300 Hz
DIA =450 ft DIA v 50 ft DIA - 75 t

00 0 0.

I.-15.6f -15.f Or 15.0o

(a) OMNIDIRECTIONAL ELEMENTS

01.0

(b) CARDIOID ELEMENTS

-150 Cr15.0, -i5.Cr

(C) ISO-OPT ELEMENTSIFigure 15. H~orizontal directional responISC Of Iioriionral disc: randoni arn s, f=I 15f Jo.
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CONCLUSIONS

One class of disc array with 16 randomly located elements has been investigated. In
both verticaily directive and isotropic noise fields, array noise gain results are similar. There
is a significant (3 to 6 dB) improvement of array gain due to the use of limaqon directional
hydrophones in the arrays operated at frequencies for which the mean interelement spacing
exceeds one wavelength or is less than 0. 1 X. Noise gain is presented for a wide range of
frequencies so that the undersampled and oversaipled cases are documented well.

It was shown that arrays with directional elements have nearly maximum gain with
average interelement spacing of about I wavelength if the design frequency 4 fl)) is 300 lIz,
but 5-vavelength spacing is required if fD is 25 lHz.

The improvement due to the use of an array of 16 iso-opt hypercardioid elements
compared to the use of a single directional element alone was evaluated. The improvement
is a few dB less than the gain of the array that uses omnidirectional elements.

The horizontal disc array has near ly constant gain with azitn uth, even tilOtL1lgh there
is a substantial asymmetry of element locations. This observation is useful in 1ntl01 detec-
tion (gain) a;,d localization (resolution) considerations.

The directional responses of random disc arrays were considered in several aspects.
The beam widths in both horizontal and vertical planes were shown to approximate thiosc
of a solid horizontal disc. The vertical bearn width is much wider than the horizontal :,eam
width for the edge-fire disc. Large disc arrays such as those with a design frequency of
50 Hz will have a significant negative signal gain for signals arriving at angles typical of
many realistic environmental conditions. Their gain can be boosted ,lie use of vertical
steering.

The directivity patterns have relatively high average side!obc levels of about -12 (lB.
but this is to be expected for random array with 16 elements.

RECOMMENDATIONS

Consider the horizontal disc array, in cldLing the raidoin form discussed, for possible
appications. Investigate lobe suppression with rcgulir finite disc arra. s. Investigate ocean
engineering of both regular and random discs.
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APPENI X A: ARRAY NOISE GAINS FOR HORIZONTAL DISC
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AND ISOTROPIC NOISE (N 16, OS 450 , 0S 900
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ARRAY GAINS DIRECTIVITY

IN VERTICALLY INDICES IN ISO-
OIRECTIvr NOISE TROPIC NOISE

r8 F 0F OF O %R
r r Ftr0 RAD ISO.-OPT OMNI DIFFIISO-OPT OMNI DiFF

100 25,00 ,4000 ISO*? 10.52 8.68 1,84 11,90 9,4s 2.42
250 25. e00 1 oo 450, 13* 46 11,20 2.26 15Ss47 13.59 3988
50.0 25,00 2.0000 450.0 15.03 11.58 3,45 17.03 12.01 5.02
100.0 25000 4.0nCO 450*0 16,03 11.62 ',41 137.42 11.82 560
150,0 25,00 6.0000 4500! 16.67 11,66 ,01j 17,67 11.96 5$71
250.0 25,00 10,0000 4b0.01 17*76 12,07 5,69 17.90 12.06 5.84
300.0 25,00 12.0000 44500 17.A5 11,9. 5491 17.64 11.93 5.71
60.0 25.00 24.0000 q SG.CI8.35 12,10 6.25 17.72 12,03 5,69

B cB 08 08 DRF FD F/F PAD ISO-OPT Ow'j DIFF.ISo-OPT OMNI DIFF

I.0.0 50000 "20O 225.0 R902 6.52 1.50 894 6.61 2,33
25.0 50o00 .5000 225.c 11.40 8994 2.'46 12.91 9,44 3.47SOO S0.00 190000 225 0 13* 4 6  11,; :26II 2 15.47 1I,59 3.881,0 0 50.00 2.0000 225.0 13.46 11.74 382 17005 12.05 5.00

150.0 50.00 3.0000 225.0 6,19 1 1.64 '475 170'40 11.87 5.53
250.0 50,00 5.0000 22501 17.18 11.76 5.42 17,35 i1181 5.54
300.0 5000 6.0000 225.0 17.80 11,90 5,90 17.70 11.98 5.72
600.0 50.00 12,0000 225.0 18,24 11.99 6,25 17.63 11.93 S.70

c OR DD OA D
F Fr) F/Fr) RAD So-nPT OMNI 01FF SO-OPT OMNI F F

10.0 75.00 *1333 150.o 6& 9 4 S02 1,92 7.75 4.80 2.95
25.0 75.00 .3333 150.01 9,95 8.65 I.301 11.16 9.18 1.98
50.0 75.00 .6667 150.0: 32.42 10.26 2.16 14.23 10.87 3.36

I100. 75,o 1.3333 15060: 14.54 10.73 3.83 16421 11,38 '493
350.0 75,00 2.0000 150.01 5.83 11.78 4.05 17.05 12,05 5,00
250,0 75.00 3.3333 150.0 7,02 1.169 5.33' 17,35 1180 5,S
300.0 75.00 4.fl000 350,0 17.54 11,79 5,75 17,.5 II84 5,61
600.0 75,oo 8.0000 150.0 38.36 12,22 6,14 17,70 12.15 5.55

05 R 08 F 08 D0 08
F FD FIFD RAO 150-OPT ONI D1FF ISO-OPT OMN I DIFF

I

1O,0 100.00 .I000 312-5 6.32 3.53 2.81 7.11 3,21 3990
25.C 1000C0 .2500 112.5S 8.89 7.68 1.21 9.88 7.77 211
50.0 100,00 95000 112a I ;,40 8,94 2 461 2.91 9,44 3.47

100.0 100.00 1.0000 112. 13.98 11,28 2.70 35.53 11,60 3,93
150.0 100.00 I,000 I12.5 15,21 1166 3,55 16,43 11.82 '4.61
2r091 100,00 2.5000 112.5 16.70 11.49 5.21 17.03 11.60 5.43
300.0 100.00 3.0000 132., 17.52 11.87 5.65 17.42 11,8, 5.55
600.0 100.00 6.0000 112.5 18,32 11,99 6.33 17.70 11.99 5.71
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ARRAY GAINS DIRECTIVITY
IN VERTICALLY INDICES IN ISO-

DIRECTIVF NOISE TROPIC NOISF

DB DB o O r)B DR
F FD F/FD RAD SO-OPT OMNI DIFF ISO-OPT OMNI 01FF

1060 125.00 .0800 90*0 Se9Z 2,43 3,49 6.72 2.19 '4.53
25.0 125*00 92000 9000 8,02 6.52 1.S0 89'4 6.63 2.33
50.0 2S00 ,4000 90.0 30,52 8.68 1.841 11.90 9.48 2,4?
I00.0 125.00 ,8000 90.0 3333 10.57 2.76j 14.82 11,09 3,73
150.0 125.00 1,2000 90401 1'456 10,87 3,69 1 ,8 9 11.39 4.S0
250.0 125.00 2.0000 90,0 16,67 11,89 4.781 17.07 12,06 5.01
300,0 125,00 2,4000 90o0I 7,22 11.66 5,6 17.12 31.74q S,38
600.0 125.0 4.8000 90.0 7.84 11.78 6.061 17.20 11,80 S#40

Dt R 0 01 8 Ft r)
F FO F/FD RA1 SO-OPT OMNI DIFFI1SO-OPT OMNI D1FF

10.0 150.00 .0667 75*O 5,65 1,75 3.90 6,48 1.57 4.91

25,0 150.00 .1667 75.0 7,47 5.88 3.S9 s.34 5.88 2946
50.0 150.00 s3333 75.0 9.95 8.65 1,301 II1.6 9.18 1098
200.0 15000 .6667 75,0 12,8B 10.43 2.45' 14,24 10,89 3.35
150.0 150.00 190000 750 14.32 11,33 2.99 15,53 11,60 3.93
2S0.0 150,00 1I6667 75.0, 16P38 I1.55 4,83j 16.69 11.68 5.03
300.0 150.00 2.0000 75.0 17.12 11,93 5.19! 17.07 12.06 5.01
600,0 150.00 4.0000 75,0; 18,11 11283 6.28 17.45 IS84 561

D8 9 )8 0' D8 F) F3 F
F Fl F/FD RAD ISo-OPT OMNI OFF So-OPT OMNI DIFF

10,0 225.00 .0444 S0,01 5.26 .81 445; 6.12 .72 1;040
25,0 225,00 01i Soso0 6. 5 4 4,08 2,46: 7,33 3.78 3.5S

50.0 225,00 .2222 50.0 A.41 7,02 1,39. 9,36 7,11 2,25
100sC 2ZS.00 ,4444 50*0 11.25 8.74 2,51 12.31 9.32 2a99
150.0 225,00 .6667 50,e) 13,22 10.53 2.69 14,24 10,89 3,35
250,0 22S,00 11 1 50.0 Is,39 1,29 4.0 15.78 13.60 4,18
300.0 22S.00 1.3333 5O, 16#41 21.45 4,96 116,23 11,39 4,84

600,0 225,00 2.6667 50,01 17,98 12,07 S,91 17.27 11,97 5.30

0B 1) A8 08 08 O8
F FO F/FO RAD SO-OPT OMNI OIFF 1So-OPT OMNI 01FF

10.0 300,00 @0333 37.5 .lI , 4,65 r,99 ,4j 5.58
25.0 300,00 *0833 37.5 ,,99 2.61 3,3A 6e 7 9  2,36 #4,43
50.0 300*00 .1667 37.5 7,47 5,88 1059 83'4 5.88 2,46
100.0 300,00 *3333 37.5 10.30 8,84 IA. 13.35 9,19 1396

Isco0 300.00 .5000 37.S 12,11 9.25 2.86 12,91 9,44 3,47
250,0 300.00 .8333 37.5 14.67 10*97 3.70 14,93 11.17 3,76
300.0 300.00 3.0000 37.5 1S,71 13.46 4.25 1554 11.61 3.93
600,0 300.00 2,0000 37.5 17.78 1198 5,80 17907 12.06 5901



ARRAY GAINS DIRECTIVITY
IN VERTICALLY INDICES IN ISO-

DIRECTIVE NOISE TROPIC NOISE

08 0B OP D R ) D3
F FD F/FD RAO SO-OPT OMN 01 IFF SO-OPT OMNI IFF

1090 25.00 "4000 qSo0o 10.52 8.68 1,84 11,90 9048 2.42
10.0 50.00 92000 225.0 4902 6.52 1.50 8,94 6,61 2.33
10.0 75.00 v1333 150.0 6a94 5.02 1.92 7,75 480 2.95
10.0 100.00 .1000 112.5 6.32 3*51 2e81 7.11 3.21 3.90
10.0 125.00 .0800 9000 S,92 2'43 3,449 6,72 2.19 '493
10.0 150.00 .0667 7S.0 S.6S 1.75 3.90 648 1.57 4.91
10.0 225.00 *'O'l'4 Soo S,26 .81 4*o45 6.12 .72 ,'40
10.0 30000 .0333 37@S 5,11 '46 4.6S S099 .41 5.58

P 0 on 08 D8 0 A
F F 0 r/FD RAD SO-OPT OMNI D177 ISO-OPT OMNI 0FF

25.0 25S.00 1.0000 4SO.O 13.46 1I.20 2.26 1Se47 11,59 3.88
250 50.00 .5000 225.0 13.40 8.94 2.46 12.91 9.44 3.47
25.0 75.00 *3333 150.0 9,95 8.65 3.30 11.16 9.18 1.98
25.0 200.00 .2500 1125 8,89 7.68 1.23 9.88 7,77 2.11
25o0 125.00 .2000 90.0 8.02 6.52 3.50 8.94 6.61 2.33
25.0 150.00 91667 75.0 7.47 S,98 3.59 8.34 5,88 2.46
25.0 225.00 .2111 500 6054 4.08 2.946 7.33 3079 3.55
25.0 300.00 .0833 37.5 s,99 2.61 3.38 6.79 2.36 4.43

DR nB 9 D 8
F FD F/7O RAD SO-OPT OMNI DI7 ISO-OPT OMNI DIFF

SO.0 25.00 2S0 45.O 15.03 11#58 3.46 17.03 12.01 5.02
go.o 50.00 310000 225.0 13946 11. 0 2.26 15.47 11059 3.88
;0.0 75.00 .6667 150.0 12.42 10.26 2.16 14,23 10.87 3.36
50.0 100.00 .F000 i12.5 11,40 8,94 2.46 12.91 9,414 3,47
S0.0 125.00 .4000 90.0 10.52 8.68 1.84 1.90 9,4s 2.42
500 150.00 .3333 75.0 9#95 8.65 1.30 1 116 9.18 1.98
SO.O 22500 .2222 S0.0 8.i 7.02 1.39 9.36 7.11 2.25
50.0 300.00 .1667 37.5 7*47 S.8a 1.59 8.34 5.88 2.46

I

03 08 08 08 08 08F F0 F/FD RAD So-OPT OMNI DF ISO-OPT OMNI Dirt

100.0 250OO N@0000 45O00 16.03 1.62 4.42 17,42 1H.82 5.60
10060 50.00 2.0000 225.0 15S*6 11,74 3.82 17.05 12.05 S@00
I00,0 75.00 13333 150.0 l1.4S 10.73 3181 16.21 32.38 4.83
100 300.00 100000 112.5 1398 1128 2.70 15S3 11.60 3.93
100,0 125.00 .O00 90.0 13.33 30.57 2.76 14.82 13.09 3.73
100.0 350o00 96667 7500 12,88 10 e43 2.45 14.24 lo89 3.35
I00.0 225.00 .4414 4 50.0 21.25 8 74 2.5 1 .31 9 32 2.99
100.0 300.00 .3333 37.5 20.30 s #g 1.46 110a5 9 19 1.96
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ARRAY GAINS DIRECTIVITY

IN VERTICALLY INDICES IN ISO-

DIRECTIVE NOISE TROPIC NOISE

DO 08 08 0 DR DR

F F 0 /FD RAO SO-OPT OMNI DIFF ISO-OPT OMNI DIFF

3500 25.00 6.0000 450.0 16,67 11.66 5o01 17.67 11.96 9.71

iSO60 50.00 3.0000 22501 6.39 11.64 '475 17,40 11 ,87 5S .
ISO0. 75.00 2.0000 150.0 15.83 11.78 4.05 17.05 12.05 5.00

150.0 100.00 1.5000 112.5 IS.23 11.66 3.55 16.943 11.82 ".61
150.0 125.00 1I2000 90.0 1@.56 10.57 3.69 5S.89 11.39 4.50

150.0 150900 1.0000 75.0 14.32 11.33 2.99 l5.53 11.60 3.93

150.0 225.00 o6667 50.0 13.22 10.53 2.69' 14.24 10.89 3.35

IS00 300.00 .5000 37.S 12.11 9.25 2.86 12.91 9.44 3.47

D f) ORB p DO
F F/FO RAD ISo-OPT OMNI DiFF ISO-OPT OmNI DiFF

I
250.0 25.00 10.0000 450.0 37076 12.07 5.69! 17.90 12.06 5.84

250.0 50.00 5.0000 225:0 17.18 11.76 5,442 17.35 31.81 5.54
250.0 75.00 3.3333 150 . 17,02 11.69 5.33i 17.3. 11.80 5.55

250.0 100.00 2.5000 112.5! 16.70 11.49 5.21 37.03 11.60 5.43
250.0 125.00 2.0000 90.01 6.67 33.89 '4.78 17.07 12.06 5.01

250.0 350o.0 1.6667 75.0i 16,38 11.55 4.831 16.69 31.68 5.01
250.0 225.00 I.t l SOO I 15.39 11.29 4.10' 15.7 8 1360 44.18

25000 300.00 .8333 37.5 14.67 10.97 3.70 14.93 117 3.76

i 08 8R 09 D n 0 3 A
F FO F/FD RAO 15o-OPT OMNI OIFF ISO-OPT OMN I DIFF

300,0 25.00 12.000 5o.o; 17.85 1.94 S.91 7,64 11.93 571

300.0 50.00 6*0000 225.0 37,80 11.90 5@901 7.70 11.98 5.72
300.0 75.00 40000 150.0 I7,54 13.79 976 37.45 184 8 .s1 
300, 1300.000 112.' 1 7.52 1.P7 5.65 37.42 13.87 5.55

30000 125.00 2.4000 90.01 7,22 3.66 S.56 17,12 11.74 5.38
30000 150.00 7.0000 75.0 17.12 11.93 5.19 17.07 32.06 5.0n

300.0 22S.00 1.3333 SO.OI16-41 11.45 4.96 16.23 1.39 4.84
300.0 300.00 1.0000 37.5' 15.71 11.46 4.25 1554 31.61 3.93

D8 r) D 0AP 88 B 0ri

F FD FFo PAD ISO-OPT OMNI DFFI SO-0PT OMNI D3FF

600.0 25.00 z40000 45001 .35 12.10 6.25' 17,72 12,03 569
600.0 50.00 12.0000 225.0 18.24 11.99 6.25 17.63 13.93 5.70
600.0 75.00 8.0000 150.0 18.36 12.22 6.14I1 17.70 12.5 5.55

600.0 100.00 6.0000 112s'S 8#32 11399 6,331 17.70 1.99 5o71
6000 125.00 4.8000 90.0 17084 11.78 6.06 17,20 11.80 5.40

60090 150.00 4.000 75.0 181i 11.83 6.28 17.45 11.84 5.61

600.0 225.00 2.6667 50.0 17#98 12a07 So9l 17.27 11.97 5.30
600.0 300.00 2o0000 3'5 17.78 11.98 5.80 17.07 32.06 5.01
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APPENDIX B: PROGRAM FOR GENERATION OF
COORDINATES OF RANDOM-ARRAY ELEMENTS
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1 LOMPuTL LEMENT LOCAIIONS FOk HANDOM ARRAYS BY RL HESSER
2 C T** THIS FGW ONLY FOR CIQCULAR ARRAY***
. C * IN X7 PLANF, IE, INCOMPLETE.

5 UIvENSIUN X (100),Y(1CC,) , Z(l6C)

1!!

;~~~~~~~~~~ ,,I 7E( 1.0 ]I S F E AD ig lR
i R I TE 10 L2C'4

11 Ob lJ I- L aO

14 1(I=C.
14 I)=CO~AE55h 1;.

C 1=2
C 13ICU0

1 C

C 1 =,

2C y Z =

C IE:NQ LF ELE¥,ENTS
Lt C

Z7 C LmJDzMINlMLM CLEMENT SEPARAION UISTANCE
C.F C

C PAD=RADIUS OF CIRCL.,SIE OF ".GUARESHORTLST
C SIDf OF PLCTANLE MINC$ AxIS O)F ELLIPSE

:2 C IG=GLOPETRY

C
C CIkCLE 1

L 5 C SQUAkE 2
C ECTANCL-3

C7 C LLLI1 S. -4
U.. C

I f (IG .G .c)PEAD (5 , 1 l1 ) IAD

'1 C I RADrzLONGEST IOE CF ikE(TANULE Ok MAJOR AXIS
2 L CF ELLIPSE

Z L 0FL A I I C S4 E 4 )* ((EMSD/RAL)4.5) 4 RX

'4. E EMUkMSD .kl 421 35 t
5 DO ICL I zlI IE

4i if ((ICS .N L. 4) .0k. (it *N ,E 1)) GO TO 10-
47 Sr (ALL SS1( hZ)

A ( I (Ad * R7 1.C) * kAL
, CALL SS1(hZ)

.. Y( = ( ,,i+ k Z -1.C ; ADA

'1 IF (EMSL' E . Cu) 6O TO 75
'.2 IF (I .U7, 1) CALL CSD(I,XY L, L.-SDJ)
-C 7 If (0 u . 1) CALL tMtD(1,Xt tZ,I.ADRJ)

r6 4 IHF SUF3kOLT1NE .AS ChAN(3(D ALSO.
.5 7:, CALL CM (A(l)vY(I )v2(I),RADRtJ)
c. IF (J . u , Go TO cC
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C k I TE (1%,,1W03) lxCI),Y(I),l(1)
5s 101. CONTINU~E

RI TE (10 ,1C05) (X(L,, L =17t,k)
(.mI TE ( 1C q%06) (V(L), L = 17,!k)

akI TL (10,1007) (Z(i)t L ::17,30)
1 1001I tOk MA T ( )

c6 1C64 FORMAT (I A
f ~ CR PAT (X = ,4FIU.4,31. ,4 F1 .4)

ttI L Cf 1On PAT (Y x -, ~F16 .,3(1 ,4F 1.4)
lLC 7 F Ok A AT -7: = 4 FI L.4,5CiU ,4 F1c.4)7

71 1CO~ f0H.AT I 1 2 1~ 2X , 'IE=, 12, 2X, FSD=', F..1,
71 h~ 29 'RAD=O, 17 .2, tA, '1G,' ILI 9 x RXo,F5. 1)

1 %SbULJTI :,E CtsD(XvYZ tFADq,j)

A =$GhT (X**L*Y'*2)
1 f(PoGT.A&) J1 I

t, JU H k0U T INL CS D I AY * E M SD J)

'4 ~11
5 iQ 10L Ll,9K

7 WI=X(1)-X(L)

I (Z I *LE oEM 5D) (, T 0A~

13 RETuRN
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INPUT PARAMETERS TO APPENDIX B PROGRAM USED TO OBTAIN RANDOM
ARRAY LOCATIONS 7

ICS 4 Horizontal planar array

1E 3 2 Elements "
EMSD 0.0 Minimum separation
RAD 1 .0 Radius

IG I Circular an ~iy

RX 1 0 Random number parameter

A
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